Abstract Aims/hypothesis: The aim of this study was to examine sex-specific associations between leisure time physical activity and incident type 2 diabetes in a representative population sample in Germany. Methods: The study was based on 4,069 men and 4,034 women (aged 25 to 74 years) who participated in one of the three MONICA Augsburg surveys between 1984 and 1995. Subjects were free of diabetes at baseline. Incident cases of type 2 diabetes were assessed in 1998 using a follow-up questionnaire. Sex-specific hazard ratios (HRs) were estimated from Cox proportional hazard models. Results: A total of 145 cases of incident type 2 diabetes among men and 82 among women were registered during the mean follow-up period of 7.4 years. In both sexes, a high leisure time physical activity level was associated with a reduced risk of incident type 2 diabetes. After adjustment for confounding factors, the HR in highly active men (more than 2 h physical activity per week in summer and winter) was 0.83 (95% CI: 0.50-1.36). In contrast, highly active women had the lowest risk of type 2 diabetes even after multivariable adjustment (HR 0.24; 95% CI: 0.06-0.98). In subgroup analyses, after multivariable adjustment, the protective effect of moderate to high physical activity was significant in women with a BMI below 30 kg/m 2 (HR 0.24; 95% CI: 0.09-0.65) but not in women with a BMI of 30 kg/m 2 or higher (HR 0.97; 95% CI: 0.44-2.11). Conclusions/interpretation: Leisure time physical activity is effective in preventing type 2 diabetes, especially in nonobese women, in the general population.
Introduction
Currently, it is estimated that 150 million people in the world suffer from diabetes [1] . This number is expected to increase to 300 million by the year 2025; most of these cases will be type 2 diabetes [1] . The prevalence of type 2 diabetes varies widely between populations, reflecting differences in both environmental influences and genetic susceptibility [2] . It is believed that lifestyle changes within populations-characterised by diminished physical activity, increased energy and fat intake, and increased obesity-have interacted with genetic susceptibility to create an epidemic of diabetes. The KORA Survey 2000, a population-based study on prevalence of diabetes and IGT in a 55-to 74-year-old population in Germany reported a total diabetes prevalence of about 17%; an additional 23% of the population had IGT or IFG. Half of the total cases with diabetes were previously undiagnosed [3] . Thus, the prevalence of abnormal glucose tolerance found in southern Germany is among the highest reported in European countries [4] [5] [6] , emphasising the need for prevention. It has been shown that physical activity is one of the most important modifiable factors in the prevention of type 2 diabetes, because physical training, even in the absence of weight loss, can increase insulin sensitivity and improve glucose tolerance [7] . Recent findings of two intervention studies [8, 9] have shown that incidence of type 2 diabetes can be decreased by 58% in individuals with IGT through diet and exercise. Also, a number of prospective studies reported that higher levels of physical activity reduced the risk of type 2 diabetes [10] [11] [12] [13] [14] [15] . Most of these studies were performed in specific groups of subjects, for example in male physicians [11] , in female nurses [12] , or in male alumni from the University of Pennsylvania [10] . Data on the association of physical activity and risk of type 2 diabetes in men and women from the general population are rather scarce. The present study examined prospectively whether leisure time physical activity is independently associated with reduced risk of type 2 diabetes among men and women from a representative population sample in Germany.
Subjects and methods

Study population
The presented data were derived from the population-based MONICA (Monitoring trends and determinants on cardiovascular diseases) Augsburg studies conducted between 1984 and 1995. The MONICA Augsburg project was part of the multinational WHO MONICA project and the designs of the two projects have been described in detail elsewhere [16, 17] . Three independent cross-sectional surveys were carried out in the city of Augsburg (southern Germany) and the counties Augsburg and Aichach-Friedberg in 1984/85 (S1), 1989/90 (S2) and 1994/95 (S3) to estimate the prevalence and distribution of cardiovascular risk factors among men and women. Altogether, 13,428 persons (6,725 men and 6,703 women; response 77%) aged 25 to 74 years participated in at least one of the three cross-sectional studies.
Within the framework of the 'Kooperative Gesundheitsforschung in der Region Augsburg' (KORA; Cooperative health research in the region of Augsburg), vital status was assessed for all sampled persons of the three MONICA surveys through the population registries in 1998. In the meantime, 772 participants (531 men, 241 women) have died. Vital status could not be assessed for 56 persons (31 men, 25 women) who had moved to a foreign country or to an unknown location. A questionnaire assessing the health status was mailed to the remaining 12,600 living persons (6,163 men, 6,437 women) with known addresses in 1998. A total of 8,548 subjects (4,210 men, 4,338 women) returned the questionnaire (total response rate 67.8%; response rate for men 68.3%, for women 67.4%).
We excluded from the present analysis men and women with prevalent diabetes (n=405) and another 43 subjects because of missing values on the question of whether the study participants had diabetes at baseline examination. Furthermore, we excluded subjects for whom diabetes status at follow-up could not be validated (n=81) or for whom no calendar year for the diagnosis of diabetes was available (n=11), and subjects with types of diabetes other than type 2 (n=5). Four incident cases of diabetes were excluded because these subjects reported a year of diagnosis in the follow-up questionnaire that was before the year of the MONICA baseline examination, even though they had initially reported no diagnosis of diabetes at baseline. Furthermore, we excluded all men and women with missing data on any of the considered risk factors (n=255). Also, subjects with a history of myocardial infarction or a history of angina pectoris at baseline examination were excluded (n=413), because these diagnoses may have led to change in physical activity levels. Finally, the prospective analyses comprised 8,103 nondiabetic MONICA participants (4,069 men and 4,034 women) aged 25 to 74 years.
All participants gave their informed consent and the study was approved by the ethics committee of the Bavarian Medical Association.
Data collection Baseline information on sociodemographic variables, smoking habits, physical activity level, medication use, parental history of diseases, and alcohol consumption were gathered by trained medical staff (mainly nurses) during a standardised face-to-face interview. In addition, all participants underwent an extensive standardised medical examination including collection of a nonfasting blood sample. All measurement procedures have been described elsewhere in detail [18, 19] . BMI was calculated as weight in kilograms divided by height in square metres. Persons aware of having hypertension, taking antihypertensive medication, and/or having blood pressure values of 160/95 mmHg or higher at baseline were defined as actual hypertensives. Dyslipidaemia was defined as total cholesterol/HDL cholesterol ratio being 5 or higher. Education level was categorised into 'low' (<12 years of schooling) and 'high' (≥12 years of schooling). Subjects were assigned to the positive parental history category if at least one parent had diabetes. If neither parent had diabetes, subjects were assigned to the negative parental history category. Subjects who answered "I don't know" for both parents or "I don't know" for one parent and "no" for the other parent were assigned to the unknown parental history category. A regular smoker was defined as a subject who currently smoked at least one cigarette per day.
Assessment of physical activity The physical activity level was estimated by means of two separate four-category interview questions asking about the time per week spent on sports activities during leisure time (including cycling) in summer and winter. The winter and summer responses were combined to create one variable of leisure time physical activity. First, participants were classified into one of four categories for frequency of leisure time activity: (1) 'No activity' was defined as no sports in summer or winter; (2) 'Low activity' was irregular participation in sports for about 1 h per week in at least one season; (3) 'Moderate activity' was defined as regular participation in sports for about 1 h per week in at least one season; (4) 'High activity' was defined as regular sports in summer and winter for more than 2 h per week in both seasons. Second, because of the small number of incident type 2 diabetes cases for subgroup analyses, the moderate activity level and the high activity level were combined.
Ascertainment of diabetes and date of diagnosis In the follow-up questionnaire, persons were asked "Do you have diabetes mellitus?" The question could be answered with "yes" or "no". The calendar year of diagnosis was also ascertained by questionnaire. Self-reported incident cases of diabetes mellitus (n=283) and date of diagnosis was validated by hospital records or by contacting the proband's treating physician. Because 119 of the 772 participants who died during the follow-up period had diabetes at baseline, only the hospital records of those deceased without a diagnosis of type 2 diabetes at baseline (n=653) were also examined and/or their last treating physicians contacted. The records were searched for, or the doctors were asked for a history of diabetes, and if a person had suffered from diabetes, the type of diabetes and the date of diagnosis were ascertained. If a participant was not found in any of the medical records and if no information from the last treating physician could be obtained, the participant was excluded from analysis (n=75).
Statistical analysis
The duration of follow-up was calculated as the interval between the baseline examination and (1) the diagnosis of type 2 diabetes, (2) death, or (3) the date when the 1998 questionnaire was completed. Analyses were carried out separately in men and women. Age-and survey-adjusted mean values or percentages of variables considered to be related to physical activity or prognosis were displayed by categories of leisure time physical activity. Means and prevalences were adjusted for age and survey using general linear models. Cox proportional hazards analysis was used [20] to estimate the effect of physical activity on the risk of type 2 diabetes. We calculated hazard ratios (HRs) and 95% CIs with the category 'no activity' as the reference group. To assess how the association of physical activity with incident type 2 diabetes was affected by other factors, we computed three sequential models. The first model included physical activity, and in addition age (continuous) and survey. The second model included all previous factors plus actual hypertension (yes, no), dyslipidaemia (yes, no), parental history of diabetes (yes, no, unknown), regular smoking (yes, no), alcohol intake (men 0, >0 and <40, or ≥40 g/ day; women 0, >0 and <20, or ≥20 g/day) and education (<12 years, ≥12 years). The third model included BMI (continuous) in addition to all factors in model 2. Significance tests were two-tailed and p values less than 0.05 were considered statistically significant. All analyses were performed using the Statistical Analysis System (version 8.2; SAS Institute, Cary, NC, USA).
Results
In total, 145 incident cases of type 2 diabetes among men (3.6%) and 82 among women (2.0%) were registered in the 25-to 74-year-old study population between 1984 and 1998. The mean follow-up period was 7.4 years with a minimum of 6 days and a maximum of 13.8 years. Table 1 (men) and Table 2 (women) describe the ageand survey-adjusted baseline characteristics by physical activity categories. Compared with persons in the no activity category, persons in the three higher physical activity categories were younger, less likely to be hypertensive and obese, less likely to have an unknown parental history of diabetes, and less likely to be regular smokers. They were more likely to drink moderate alcohol, and more likely to have an education of 12 years or longer. In men, dyslipidaemia was only less prevalent in the high activity group, whereas in women dyslipidaemia decreased with increasing activity level. In contrast to men, highly active women were more likely to live alone in comparison with inactive women. Table 3 describes the observed crude incidence rates of diabetes mellitus by physical activity categories. In all leisure time physical activity categories, diabetes incidence was higher in men than in women, but diabetes incidence decreased with increasing activity level in both sexes. The male/female ratio increased with increasing activity level and was most pronounced in the highly active group (male/female ratio 6.5). In Cox proportional hazards models, categories of physical activity were significantly associated with incident type 2 diabetes in both sexes (Table 3) . Compared with inactive men (no sports in summer or winter), the age-and survey-adjusted HR of incident type 2 diabetes among highly active men (sports in summer and in winter for more than 2 h per ) men and women, we analysed the impact of physical activity on the incidence of type 2 diabetes separately for the two groups (Table 4) . A reduction in risk among persons who were moderately to highly active was observed for nonobese women in age-and survey-adjusted analysis (HR 0.20; 95% CI: 0.08-0.54) but not in men (HR 0.68; 95% CI: 0.41-1.12). The observed risk reduction in women remained significant even after multivariable adjustment (HR 0.24; 95% CI: 0.09-0.65). Among persons with a BMI of 30 kg/m 2 or higher, a nonsignificant reduced risk of diabetes mellitus was observed in moderately to highly active men (HR 0.78; 95% CI: 0.41-1.50) and women (HR 0.97; 95% CI: 0.44-2.44) in multivariable analysis. Further adjustment for BMI in each subgroup did not alter these results (data not shown).
Discussion
In this large cohort of men and women, drawn from the general population, leisure time physical activity was associated with a reduced risk of type 2 diabetes; incidence rates decreased with increasing physical activity level in both sexes. After adjustment for age, survey, BMI, actual hypertension, dyslipidaemia, parental history of diabetes, regular smoking, alcohol intake and education, this association remained significant in women but not in men. Furthermore, the present study suggested that leisure time physical activity may be less effective for the prevention of type 2 diabetes in obese persons than in nonobese persons.
Previous prospective studies mostly performed in specific groups reported that regular physical activity is associated with decreased risk of type 2 diabetes [10-12, 14, 21, 22] . In the Nurses Health Study, physical activity was inversely related to the incidence of type 2 diabetes among women aged 34 to 59 years at baseline who reported engaging in vigorous exercise at least once a week in comparison with women who did not exercise weekly [12] . In a study of male alumni from the University of Pennsylvania [10] , a negative association between leisure time physical activity (in kilocalories expended per week) and type 2 diabetes was observed. The association was particularly evident in men at high risk of developing diabetes, defined as those with a high BMI, a history of hypertension, or a parental history of diabetes. Similar findings were observed between vigorous exercise and type 2 diabetes in a prospective study of male physicians aged 40 to 84 years [11] . Furthermore, in the Iowa Women's Health Study Cohort [23] , women who reported any physical activity had a relative risk of diabetes of 0.69 (95% CI: 0.63-0.77) compared with sedentary women. Hu et al. found that both walking and vigorous activity are associated with a substantial reduction in risk of type 2 diabetes in women [15] . Further results from the Nurses Health Study suggested that, independently of exercise levels, sedentary behaviours, especially TV watching, were associated with significantly elevated risk of type 2 diabetes and obesity, whereas even light to moderate activities were associated with a substantially lower risk [24] . Also, an inverse association between exercise and incidence of type 2 diabetes was observed among residents of the UK [21, 25] and Finland [13, 26] . The findings in the present study extend the literature showing that leisure time physical activity is associated with a reduction in risk of type 2 diabetes. However, the prospective relationship in this population-based study was stronger in women than in men. This difference may be partly due to the differences in the intensity and the kind of leisure time physical activity performed by the two sexes. There is possibly a sex-specific threshold intensity of physical activity required for diabetes prevention. The Ischemic Heart Disease Risk Factor Study has quantified the relationship between the intensity and the amount of physical activity necessary to gain protection against type 2 diabetes [22] . The results of that study were consistent with a threshold approach, because lower-intensity activities (<5.5 metabolic units), regardless of their duration, were not associated with protection from type 2 diabetes in middle-aged men [22] . Furthermore, assuming that more physically active women also eat more healthily, in the present study, part of the large risk reduction among women in the highly active group may also be a result of a healthier diet.
In the present study, risk reduction with exercise was more beneficial for nonobese than for obese persons and particularly evident among nonobese women. Several studies reported that physical activity may be more beneficial for obese subjects [10, 11, 22] ; other studies suggested that physical activity may be less beneficial for obese persons than for nonobese persons, or equally beneficial [12, 27] . The present result is consistent with the theory that physical activity prevents diabetes by reducing adiposity. Lower adiposity improves insulin sensitivity and glucose tolerance [28, 29] . Conversely, obese persons are less likely to engage in physical activity, because excess body weight may decrease the possibility of being physically active. Therefore, in the Augsburg Cohort Study, among physically active obese women, an additional weight loss could substantially lower the risk of type 2 diabetes. Thus, those women in particular should be recommended to engage in physical activity and consume a low-energy dense diet to reduce body weight. Although in the present study leisure time physical activity among obese and nonobese men was not intensive enough to significantly reduce the risk of type 2 diabetes, it could nevertheless have a positive effect on cardiovascular risk factors and on the various components of the metabolic syndrome. This assumption is confirmed by Wannamethee et al [25] , who reported that the relationship between physical activity and type 2 diabetes appears to be mediated by serum true insulin level and components of the insulin resistance syndrome. Furthermore, the Insulin Resistance Atherosclerosis Study demonstrated a positive association between both vigorous and nonvigorous physical activity and insulin sensitivity in a cross-sectional study of 1,467 men and women [30] . Also, recent clinical trials in China, Finland and the United States have demonstrated that lifestyle intervention programmes (dietary intervention and exercise intervention) were effective in the prevention of diabetes and in the improvement of several cardiovascular disease risk factors [8, 9, 31] .
The MONICA/KORA Augsburg Study has several limitations that need to be considered. It is likely that the group of nondiabetic persons may include subjects with undetected diabetes mellitus. This implies that the observed hazard ratios in the present study may underestimate the effect of leisure time physical activity on total diabetes incidence. However, it is also possible that undetected type 2 diabetes at baseline could lead to overestimation of risk reduction, because individuals with undetected type 2 diabetes at baseline might have felt fatigued and therefore reduced the amount of leisure time sports. Furthermore, we were unable to differentiate between persons with normal glucose metabolism and those with borderline hyperglycaemia at baseline examination and at follow-up. Moreover, the follow-up proportion of our study was 67.8%; male respondents were slightly older, had the same BMI and were physically more active in comparison with the male nonrespondents. Women who did return the questionnaire were slightly younger, had a lower BMI, and were physically more active than women who did not respond to the mailing. Thus, response bias cannot be excluded. In the present study only self-reported information on physical activity was available. Possibly, the questionnaire used may be less sensitive to register sex-specific differences in physical activity levels. Also, there may be sex differences in the validity of self-reported information on leisure time physical activity. Additionally, the present study focused on leisure time activity only. Because leisure time physical activity accounts for a small proportion of the day and therefore for a small percentage of total energy output, nonleisure energy expenditure may be also important in the prevention of chronic diseases [32] . A further limitation is the absence of data on changes in exercise throughout the follow-up period. Therefore, a more detailed assessment of physical activity, with regular updates, might have disclosed a stronger benefit of physical activity in relation to type 2 diabetes. The strengths of the MONICA/KORA Augsburg Cohort Study are primarily its prospective design, the representativeness of the cohort, based on a random sample of the general population, and the availability of data on lifestyle and multiple cardiovascular risk factors. Furthermore, in contrast to most other prospective studies of this kind in which diagnosis of diabetes was based upon self-reporting, diabetes diagnosis in the present study was based on physician-validated diagnosis of type 2 diabetes.
In conclusion, the results from the present study suggest that women from the general population profit more from leisure time physical activity than men in reducing the risk of type 2 diabetes. However, further research is needed to assess the intensity, duration and frequency of exercise that will be most effective in reducing the incidence of type 2 diabetes in subjects from the general population. Recommendations for physical activity need to be tailored to special features of men and women, to personal preferences, age, social and economic circumstances, and physical limitations. Also, there may be need for recommendations for preventing weight gain or regain in normalweight and formerly obese individuals respectively.
